Many studies have addressed the role of cigarette smoking on semen quality, but the exact mechanisms remain inconclusive. To evaluate the detrimental effects of smoking on the spermatogenesis process, we initially screened and investigated 31 differentially expressed proteins extracted from the testes of mice exposed daily to cigarette smoke using matrix-assisted laser desorption/ionization-time of flight-mass spectrometry analysis. Data mining analysis showed that these 31 proteins were categorized into five functional clustering groups: metabolic process, cell growth and/or maintenance, RNA and protein processing, stress response, and spermatogenesis. Additionally, 23 of 31 proteins were involved in a main pathway network, including Pkc (s), ERK1/2, Akt, and NF-kappaB, which are known to be involved in cell communication, proliferation, and differentiation. Interestingly, among the 31 proteins, a spermatogenesis-associated protein, phosphatidylethanolaminebinding protein 1 (PEBP1), was especially expressed in serial sections of spermatids of spermiogenesis and interacted with ERKs. The bisulfite sequencing result showed four CpGs near the Pebp1 transcriptional start site were largely methylated in the treated group. A 5-aza-2 0 -deoxycytidine treatment on GC-1 spg cells reversed the hypermethylation status and elevated both Pebp1 mRNA and protein expression levels. ERK1/2 phosphorylation levels were also increased with upregulation of Pebp1 expression in GC-1 spg cells. In conclusion, protein profile in testes could be altered by cigarette smoking. Moreover, we also suggest that epigenetic Pebp1 inactivation may affect activation of ERK, and it could impair spermatogenesis of mice. Our data could provide further insight into the mechanisms of spermatogenesis.
INTRODUCTION
Cigarette smoking is very common; approximately one third of the world's population aged !15 yr smoke cigarettes daily, and the highest prevalence of smoking is in young men during their reproductive period [1] . The negative effects of cigarette smoking on general health are well known, but this habit may also seriously affect fertility. Epidemiological studies on the impact of cigarette smoking on the reproductive health of men focus on fecundity and sperm parameters [2, 3] . Cigarette smoking has been associated with detrimental effects on sperm concentration, motility, and morphology [2, 3] . The mechanisms through which smoking by fathers may be linked to detrimental effects on fecundity and sperm parameters are poorly understood. Direct effects on male germ cells are plausible for both biological and toxicological reasons. Chemicals present in tobacco smoke have been shown to reach the male reproductive system and can cause alterations such as antioxidant concentration, reactive oxygen species generation [4, 5] , aneuploidy rate alteration [6] , and DNA damage [7] in spermatozoa and semen. The alterations are harmful to the functioning of spermatozoa and cause detrimental effects on fecundity. The alterations may occur in various processes of reproduction, such as spermatogenesis and sperm maturation, particularly in the spermatogenesis stage. Hence, it is necessary to evaluate the effects of cigarette smoking on the biological structure and function of the testis, especially spermatogenetic damage caused by cigarette smoking.
Many studies have shown that cigarette smoking could lead to testicular dysfunction. There are several cross-sectional studies in the literature that look at the effects of cigarette smoking on semen quality or testicular hormone levels [8] [9] [10] , but few of these studies have been conducted on a genomic and/or proteomic level. Significantly increased, decreased, and unchanged levels of total testosterone in male smokers have been reported in various studies [9, 10] . The cases may indicate that cigarette smoking results in a secretory deficiency of Leydig and Sertoli cells, which leads to an impaired epididymal sperm maturation process and a diminished capacity of spermatozoa to penetrate oocytes [11] . Additionally, the number of germ cells, Leydig cells, and Sertoli cells significantly decreased in rats exposed to cigarette smoke [8] .
The detailed mechanisms of the injury to the testis caused by cigarette smoking, the molecular mechanisms in particular, are still not clear. Therefore, we evaluated the effects of paternal smoking on the testicular proteome in the present study.
MATERIALS AND METHODS

Animals and Treatments
This study has been approved by the ethics committee of Shanghai Jiaotong University. Sixty sexually mature 5-to 6-wk-old male C57BL/6J mice (Shanghai SLAC laboratory animal Co. Ltd.) were randomly divided into cigarette smoke-exposed and control groups of 30 mice each. The mice were placed in exposure chambers (30 3 30 3 30 cm 3 ) and were exposed to two cigarettes daily. Each smoking procedure lasted 15 min, which included making the smoke, exposing the mice to the smoke for 10 min (1 min smoke condensation and 9 min smoke exposure), and then 5 min of rest and ventilation by uncovering the exposure chambers. After 2 wk of treatment, a laparotomy was performed on each mouse. The testes were collected, immediately frozen in liquid nitrogen, and stored at À808C until required.
Cell Lines, Chemicals, and Antibodies GC-1 spg cells were cultured in Dulbecco modified Eagle medium (Gibco), supplemented with 10% FBS, 50 IU/ml penicillin, and 50 lg/ml streptomycin for 24 h at 378C, 5% CO 2 . Then 5-aza-2 0 -deoxycytidine (5 Az-DC; Sigma) was added to the culture medium in final concentrations of 0, 0.5, 1, 2, and 5 lM. After 48 h the cells were harvested with TRIzol (Life Technologies), and the protein, genome DNA, and RNA were obtained through a standard protocol.
Spermatocytes and round spermatids were isolated from 5-to 6-wk-old C57BL/6J mouse testes after collagenase and trypsin treatment, followed by sedimentation at unit gravity (StaPut procedure). Subsequently, cells were further purified by density gradient centrifugation through Percoll [12] . The cells were snap frozen in liquid nitrogen and stored at À808C. A sample of each isolated fraction was used for hematoxylin-eosin staining on slides to assess the purity of the fractions.
Antibodies Reverse Transcriptase-Polymerase Chain Reaction RNA was isolated using the TRIzol reagent (Invitrogen), and 1 mg of total RNA was subjected to reverse transcription by using Superscript III (Invitrogen). The resulting cDNA was then taken as the template for PCR amplification using primers for Pebp1 (sense, 5 0 -GTTCTTAGCTGTGCTAG GATAG-3 0 ; antisense 5 0 -AGCTCTCCTCTAGACCTGATC-3 0 ) and b-actin (internal control; sense, 5 0 -CGTTGACATCCGTAAAGACC-3 0 ; antisense 5 0 -AACAGTCCGCCTAGAAGCAC-3 0 ). All results were visualized on an ethidium bromide-stained agarose gel.
Sample Preparation for Proteomic Analysis
The testis tissue samples of male mice from the two groups were rinsed with PBS and homogenized (Dounce homogenizer) in lysis buffer containing 9.5 M urea, 4% 3-[(3-Cholanidopropyl)dimethylammonio]-1-propanesulfonate, 2% dithiothreitol (DTT), 0.5% immobilized pH gradient (IPG) buffer, and protease inhibitors. Cells were disrupted by sonication at 80 W for 10 sec five times at intervals of 15 sec. The samples were maintained on ice throughout these procedures. The mixture was then centrifuged at 12 000 rpm for 45 min at 48C to remove the insoluble material. The protein content of the supernatant was quantified by the Bradford method using the Bio-Rad protein assay reagent. Aliquots of each sample (100 lg each) were stored at À808C until they were used in the proteomic analysis.
Two-Dimensional Gel Electrophoresis (2-DE)
For 2-DE, 100 and 400 lg of protein were loaded onto analytical and preparative gels, respectively. The Ettan IPGphor Isoelectric Focusing System (Amersham Biosciences) and pH 3-10 IPG strips (13 cm, nonlinear; Amersham) were used for isoelectric focusing (IEF). The IPG strips were rehydrated for 12 h in 250 ll of rehydration buffer containing the protein samples. IEF was performed in four steps: 30 V for 12 h, 500 V for 1 h, 1000 V for 1 h, and 8000 V for 8 h. The gel strips were equilibrated for 15 min in equilibration buffer (50 mM Tris-HCl [pH 8.8], 6 M urea, 2% SDS, 30% glycerol, and 1% DTT). This step was repeated using the same buffer with 4% iodoacetamide in place of 1% DTT. The strips were then subjected to twodimensional electrophoresis after transfer onto 12.5% SDS-polyacrylamide gels. Electrophoresis was performed using the Hofer SE 600 system (Amersham) at 15 mA per gel for 30 min, followed by 30 mA per gel until the bromophenol blue reached the end of the gel. Three replicates were performed for each sample.
Image Processing and Analysis
Protein spots in the analytical gels were visualized by silver staining. The gels were stained using a modified silver staining method that was compatible with subsequent mass spectrometric (MS) analysis. The stained gels were scanned using UMax Powerlook 2110XL (UMax), and image analysis was performed using Imagemaster 2D Platinum (GE Amersham). Each paired spot was manually verified to ensure a high level of reproducibility between normalized spot volumes of gels produced in three replicates. The overlapping measures ratio was used to calculate protein expression changes, and proteins with a 1.5-fold or greater overlap ratio were considered to be differentially expressed.
Protein Identification
The tryptic peptide samples were sent to Shanghai GeneCore BioTechnologies Co. Ltd. for matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF)-MS peptide mass fingerprint analysis. The dry peptide samples were reconstituted in 2 ll of standard diluent (20:80 acetonitrile:water) and spotted on a 384-well Opti-TOF stainless steel plate (Applied Biosystems). The plate was covered with 5 mg/ml cyano-4-hydroxycinnamic acid in 50% acetonitrile and 0.1% trifluoroacetic acid before being dried. MS and MS/MS data for protein identification were obtained using a MALDI-TOF-TOF instrument (4800 Proteomics Analyzer; Applied Biosystems). The instrument parameters were set using the 4000 Series Explorer software (Applied Biosystems). The MS spectra were recorded in reflector mode in a mass range from 800 to 4000 with a focus mass of 2000. MS used a CalMix5 standard to calibrate the instrument (ABI 4700 calibration mixture). For one main MS spectrum, 25 subspectra with 125 shots per subspectrum were accumulated using a random search pattern. For MS calibration, autolysis peaks of trypsin ([M þ H] þ842.5100 and 2211.1046) were used as internal calibrates. Up to 10 of the most intense ion signals were selected as precursors for MS/MS acquisition, excluding the trypsin autolysis peaks and the matrix ion signals. In MS/MS positive ion mode, 50 subspectra with 50 shots per subspectrum were accumulated for one main MS spectrum using a random search pattern. The collision energy was 2 kV, the collision gas was air, and the default calibration was set using the Glu1-Fibrino-peptide B ([MþH]þ 1570.6696) spotted onto Cal 7 positions of the MALDI target. Combined peptide mass fingerprinting and MS/MS queries were performed using the MASCOT search engine 2.2 (Matrix Science, Ltd.) embedded into GPS-Explorer Software 3.6 (Applied Biosystems) on the IPI_mouse database with the following parameter settings: 100 ppm mass accuracy was used, one missed trypsin cleavage was allowed, carbamidomethylation was set as a fixed modification, oxidation of methionine was allowed as variable modification, and MS/MS fragment tolerance was set to 0.8 Da. A GPS Explorer protein confidence index of !95% was used for further manual validation.
Comparative Proteomic Analysis and Ingenuity Pathway Analysis
We identified and categorized the molecular functions and biological processes represented in the differentially expressed proteins in our datasets according to their function (Table 1) based on the published literature [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and the Swiss-Prot database (http://www.uniprot.org/) [25] . After uploading the differentially expressed protein list to the Ingenuity Pathway Analysis (IPA) server (http://www.ingenuity.com/), the pathway networks were determined by IPA.
Bisulfite Sequencing
Genomic DNA (1 lg) was treated with BisulDream-Methylation Universal Kit (Qiwubio Research) as described in the manufacturer's instructions, and then eluted in 30 ll of elution buffer. The eluted DNA (4 ll) was PCR amplified with Pebp1-specific bisulfate sequencing primers (PEBP1-BSF 5 0 -GAAATGGGGTAGAGAGTTTTTTAAAT-3 0 and PEBP1-BSR 5 0 -CCACCTCCTACAAACACAAAAAC-3 0 ). The resulting PCR product (323 bp) was obtained by 1.5% agarose gel electrophoresis, cloned into pMD19-T XU ET AL. vector (TaKaRa) and then 18-20 clones from the control and treated samples were sequenced.
Methylation Specific-Polymerase Chain Reaction
Genomic DNA was treated with sodium bisulfate and eluted as described above and 2 ll of the treated DNA was amplified with two sets of MS primers (PEBP1-M-F 5 0 -GTTTAGTTA ATTAGAGAGCGAAGG GGC-3 0 and PEBP1-M-R 5 0 -ATAACGATAAA AAATTAAAAAA CACGC-3 0 , and PEBP1-U-F 5 0 -TTAGT TAATTAGAGAGTGAAGGGGTGT-3 0 and PEBP1-U-R 5 0 -CCATAACAATAAAAAATTAAAAAACACAC-3 0 ). The forward primer contains the 10th and 11th CpG sites. The reverse primer contains the 24th and 25th CpG sites. The PCR conditions were as follows: four cycles of 948C for 30 sec, 608C for 30 sec, and 728C for 45 sec. The resulting PCR products with 136 bp were resolved using 2% agarose gel electrophoresis.
Western Blot Analysis
The levels of five proteins whose abundance was different were further tested via Western blot analysis. The protein samples in two groups were subjected to SDS-PAGE and transferred onto the polyvinylidene fluoride membranes at 15 V for 1 h in 25 mM Tris-HCl, 192 mM glycine, and 20% (v/ v) methanol. The membranes were blocked in 5% milk in TBST (100 mM Trisbuffered saline, pH 7.4, 0.1% Tween-20) for 1 h at room temperature, followed by incubation with the indicated primary antibodies in TBST for 4 h at room temperature. After three washes with TBST, the membranes were incubated 
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with the indicated HRP-conjugated secondary antibody for 1 h at room temperature. Finally, the membranes were washed three times with TBST, the images were captured by the Molecular Imager Chemidoc XRS (Bio-Rad), and densitometry was performed using Quantity One Software (Bio-Rad). The bands were equilibrated to the protein concentration in the samples.
Immunohistochemistry
The formalin-fixed testes removed from the C57BL/6J mice were dehydrated and embedded in paraffin according to standard protocols. These 5-lm paraffin sections were then cut and mounted onto poly-L-lysine-coated glass slides. Subsequently, they were deparaffinized using xylene (3 3 30 min) at 608C and a series of decreasing ethanol concentrations, according to standard Table 1 protocols. Meanwhile, endogenous peroxidase activity was blocked by methanol containing 3% hydroperoxide for 30 min, and the samples were then heated in a microwave oven for antigen retrieval (10 mM citrate buffer, pH 6.0, 20 min, 700 W). These sections were allowed to cool in citrate buffer, washed three times (deionized water, PBS buffer, pH 7.4, 5 min each), and incubated with a blocking solution for 30 min. This procedure was followed by PBS (3 3 10 min) washing and overnight incubation with the indicated primary antibodies at 48C. After PBS washing (3 3 10 min), the sections were incubated with the indicated HRP-conjugated secondary antibody at room temperature for 2 h. Finally, the peroxidase was visualized using 0.05% diaminobenzidine (Sigma) in a 0.05 M Tris buffer at pH 7.6 containing 0.01% hydrogen peroxide.
RESULTS
Detection of Protein Differences
Three replicates (six gels) were performed for each sample. From the over 1000 spots detected in the 2D gels (Fig. 1) , we chose 27 spots (!1.5-fold P , 0.05) that showed significant differences between the protein spots in the treated and control groups, and 31 proteins identified by MALDI-TOF-MS are shown in Table 1 . Of these proteins, 6 were downregulated and 25 were upregulated in the treated group when compared with the control group. Among the 27 protein spots, 4 spots corresponded to 2 different proteins ( Table 1) . Many of the 31 identified proteins were not analyzed. Thus, future proteomic studies targeting additional proteins could identify new proteins that are overexpressed or underexpressed in the treated group.
Ontology Analysis of the Identified Proteins
We classified the proteins according to three aspects of ontology: cellular component, molecular function, and biological process. The results of the ontology analysis are shown in Figure 2 . For the ''cellular component'' aspect (Fig. 2) , the classification analysis revealed that 74% (23) are cytoplasm proteins, 23% (7) are nuclear proteins, and only ALB is located extracellularly. The GO term ''molecular function'' (Fig. 2) analysis revealed that 12 proteins (38%) are divided into five enzymes with different catalytic activity. Another 19 proteins could be classified as transporters (11%), as structural CIGARETTE SMOKING DAMAGES SPERMATOGENESIS molecules (11%), as having receptor activity (17%), as having binding activity (14%), and as translation/transcription regulators (9%). Using the ''biological process'' database ( Fig. 2) , the proteins were associated with metabolic processes, RNA/ protein processing, cell growth and/or maintenance, signal transduction, and spermatogenesis. The spermatogenesis-associated protein is PEBP1.
Network Analysis of the Differentially Expressed Proteins by IPA
To gain further insight into the global network functions that differ between the cigarette smoke-exposed and control groups, the differentially expressed proteins were uploaded to the IPA server (http://www.ingenuity.com/). IPA integrates the knowledge of genes, drugs, chemicals, protein families, processes, and pathways based on their interactions and functions derived from the Ingenuity Pathway Knowledge Database. The IPA sever determined a main pathway network (Fig. 3 ) that included 23 proteins from the 31 differentially expressed proteins. The network involves Pkc (s), ERK1/2, Akt, and NFjB, and these proteins are known to be involved in cell communication, proliferation, and differentiation.
Verification of the MS Results
Western blot analysis of five candidate proteins (PGK1, DNAJB11, ATP5A, GM2A, and PEBP1; Fig. 4 ) was performed to validate the protein screening results. These proteins are chosen for validation because their fold change span (from 1.5-fold to 4.1-fold) covers largely the scope of the proteins changes in the MS results, and antibodies were readily available. Densitometric analysis was performed on each protein band from the treated and the control groups, which were equilibrated to the protein concentration. Western blot analysis showed changes in protein abundance that closely matched the results from the 2D experiment.
Expression and Subcellular Localization of Pebp1 During Mouse Spermatogenesis
To investigate the pattern of expression of Pebp1 during the spermatogenesis process more accurately, we performed an immunohistochemical analysis of the mouse testis. Interestingly, Pebp1 displays stage-specific expression and localization in the adult testis (Fig. 5, A-C) . Pebp1 is expressed in serial section of spermatids of spermiogenesis, in which spherical, haploid spermatids transform into elongated, highly condensed, and mature spermatozoa that are released into the seminiferous tubule lumen. However, PEBP1 is absent in germ cells and spermatocytes during mitotic and meiotic processes. The protein appears in the cytoplasm and membrane of spermatids, especially accumulating at the head of elongated spermatids (Fig. 5, A-C) and mature spermatozoa.
The expression of Pebp1 in the adult mouse testis shows a significant difference between the treated group and the control group (Fig. 5, A-C) . The results show that Pebp1 expression in the adluminal compartment from the treated group is significantly lower than that of the control group, which is consistent with the MS result.
Downregulation of Pebp1 Expression by Promoter Hypermethylation
We carried out CpG island DNA analysis on Pebp1 based on the following definition: CpG island is defined as a DNA sequence of at least 200 bp with a GC content above 50% and an observed/expected ratio of CpG dinucleotide above 0.6. Based on this analysis, we found a CpG island in Pebp1, which covers a 202-bp DNA fragment located upstream of the transcriptional start site (Fig. 6A) . We decided to look at this CpG island by designing primers flanking a 323-bp promoter fragment for bisulfite sequencing analysis. As shown in Figure  6B , only a partial DNA sequence of the promoter fragment was obtained. The sequencing information confirmed the presence of 28 CpGs, 1 SP1 site (GGGCGG), and the transcriptional start site (þ1) as well as the translation start site. Three mice from each group were chosen to investigate methylation of 28 CpGs near the Pebp1 promoter. Figure 6C illustrates the bisulfite sequencing results of two groups. The result of each CpGs methylation is shown in Supplemental Table S1 (available online at www.biolreprod.org). Methylated Cs in the investigated region were largely detected in treated tissues (84.78% 6 2.21%) compared to normal tissues (68.75% 6 3.4%). Moreover, methylation occurred frequently among the 21st/22nd/23rd/24th CpG in the CpG island close to the Pebp1 transcriptional start site. This confirms that Pebp1 undergoes epigenetic inactivation in the treated tissues.
To further confirm the significance of epigenetic regulation, 5-aza-2 0 -deoxycytidine (5-aza-2 0 -DC) was used in GC-1 spg cells. As shown in Figure 6D , low doses of 5-aza-2 0 -DC at less than 5 mM were able to change the methylation status of the Pebp1 promoter CpG island based on methylation-specificand unmethylation-specific-PCR analyses. This change was accompanied by an increase of Pebp1 mRNA and protein synthesis in these cells.
Correlation Between Pebp1 Expression and Phosphorylation of ERKs
To determine whether PEBP1 causes phosphorylation of ERKs during spermatogenesis, Western blotting analysis of phosphorylation of ERK1/2 was carried out with anti-p-ERK1/ 2 antibodies in spermatocytes and round spermatids isolated from the mouse testis. ERK1/2 phosphorylation levels decreased in the treated samples compared to the control samples, consistent with the expression of Pebp1 (Fig. 4 , node with a white background). Upregulation of Pebp1 was associated with DNA unhypermethylation of the Pebp1 promoter region in GC-1 spg cells treated by 5-aza-2 0 -DC. In this case, ERK1/2 activation was also increased with upregulation of Pebp1 expression in GC-1 spg cells (Fig. 6D) .
DISCUSSION
Clinical and epidemiological studies have shown that smoking can cause a decline in sperm density, sperm mobility, and semen volume [2] . These cases are due to DNA damage in the sperm [6] , decreased permeability of the sperm membrane, and the activity of acrosin [28] . The mechanism of smokingrelated arterial damage is still not known on a molecular level. Because spermatogenesis occurs mainly in the testes, in the present study, we have measured the levels of the major proteins extracted from the testes of cigarette smoke-treated mice and found 31 proteins whose levels are either increased or decreased in the treated group compared with the control group. These proteins fall into five main functional groups: the metabolic process, cell growth and/or maintenance, RNA and protein processing, stress response, and spermatogenesis groups.
Gene ontology analysis shows that proteins in the first four groups more or less indirectly affect spermatogenesis, possibly via the Sertoli cell. The largest group is the metabolic process group, in which nearly half of the proteins are involved in the catalytic activity of five types of enzymes (Fig. 2) . These proteins are necessary for metabolism and ATP synthesis, including carbohydrate metabolism (FBP1, PGK1, PGK2, ATP5a, and AKR1B1) and protein metabolism (PSMA2, PSMB3, and PSMC1). ATP production is essential for spermatogenesis, including mitosis, meiosis, and spermiogenesis. The levels of the proteins in this study decreased in the treated group with the exception of two proteins, GM2A and BPNT1. These results indicate that less ATP production in metabolic processes will lead to male infertility [29] . GM2A and BPNT1 may possibly provide an alternative mechanism for the modulation of sperm function. Within the cell growth and/ or maintenance group, ODF2 was also decreased in the treated group. It is associated with maintaining sperm morphology. Defects in ODFP lead to abnormal sperm morphology and infertility [30] . Other cytoskeleton proteins, such as ACTG1, LASP1, and TUBB4B, are the major components of microtubules and are involved in cell motility. In mice, tubulin reorganization affects fertilization and early development [31] . The proteins identified in the stress response group include PRDX3, PARK7, HSPA2, DNAJB11, and HSPB1. Oxidative stress is reported as a common factor in testicular dysfunction [13] . Expression of the proteins, including several hsp genes, varies greatly in the mouse testis of the treated group. Like PRDX5 [14] , another member of the peroxiredoxin family (PRDX3) has antioxidant activity in a cell-specific manner in rat Leydig cells, Sertoli cells, and germ cells and plays a role in determining the spermatocyte response to toxicants [15] . Studies show that knockout of Prdx4, a peroxiredoxin, results in elevated spermatogenic cell death via oxidative stress [16] . PARK7 concentration is positively correlated with sperm motility and sperm superoxide dismutase activity [17] . Numerous studies confirm that heat shock proteins are expressed developmentally during spermatogenesis in the testis [18] [19] [20] . In contrast, Hsp70 genes are not induced in elevated temperatures in meiotic and postmeiotic germ cells [20] .
Similarly, in our results, the expression of Hsp70 genes decreases after smoking treatment. Yaglom et al. reported that HSP72 inhibits the activation of JNK, thus inactivating the MAPK JNK pathway [21] . Its potential mechanism involves HSP72 affecting spermatogenesis via the MAPK pathway (Fig.  7, left panel) . In the RNA/protein processing group, proteins are involved in RNA/protein processing, especially in the expression of testis-specific genes during spermatogenesis. The transcription and translation of these genes are very active because spermatogonial stem cells undergo mitosis and meiosis. For example, in the present work, HNRNPH1 is an antiapoptotic protein that can regulate the expression of the heat-induced proteins and is thus involved in heat-induced spermatogenesis suppression in the human testis [22] .
The last group is spermatogenesis, which includes only phosphatidylethanolamine-binding protein 1 (PEBP1). Interestingly, gene ontology analysis revealed that PEBP1 is a spermatogenesis-associated protein. PEBP1, also designated Raf kinase inhibitor protein (RKIP), inhibits the phosphoryla-CIGARETTE SMOKING DAMAGES SPERMATOGENESIS FIG. 6 . Downregulation of Pebp1 is associated with DNA hypermethylation of the Pebp1 promoter region in treated mouse. A) The putative promoter region of PEBP1 was predicted using the Promoter Scan website (http://www-bimas.cit.nih.gov/molbio/proscan) [26] . The boxed sequence (GGGCGG) is a putative Sp1 binding site. B) The CpG island prediction and bisulfite-sequencing PCR (BSP) primers were predicted and designed using the website http:// www.urogene.org/methprimer/index.html [27] . C) The methylation status of the putative promoter region in two groups was examined by bisulfite sequencing analysis. Each spot indicates one methylation site (CpG). D) Treatment of cells with 5-aza-2 0 -DC dose-dependently restored Pebp1 expression XU ET AL.
tion and activation of MEK by Raf-1 [23] . After phosphorylation by protein kinase C (PKC), RKIP1 dissociates from RAF-1 and activates the MAPK pathway [24] . Further exploration has revealed that PEBP1 modulates several other signaling pathways, including NF-jB and G-protein signaling [32] . The NF-jB/Snail/RKIP loop regulates target cell sensitivity to apoptosis through cytotoxic lymphocytes [33] . RKIP1 can interact with NF-jB-inducing kinase (NIK) and transforming growth factor b-activated kinase-1 (TAK1), and the complex inhibits NIK/TAK phosphorylation of IKK, leading to the inhibition of the activation of NF-jB. Once phosphorylated by PKC, RKIP1 dissociates from NIK/TAK and activates the NF-jB pathway (Fig. 7) . In our present work, IPA network analysis also revealed the interaction of PEBP1, Pkc (s), ERK1/2, and NF-jB (designated by a green dotted line in Fig. 7) . We detected and compared the phosphorylation of ERK1/2 in the germ cells isolated from the testis between the treated and the control groups. Figure 6 shows that the phosphorylation level of ERK1/2 is high in the germ cells from the treated group compared with the control and in GC-1 spg cells treated by dependent dose 5-aza-2 0 -DC, which is consistent with the expression of Pebp1. These results illustrate Pebp1 expression correlates with ERK1/2 activation. Hence, we speculate that RKIP1 also mediates the signal transduction of the MAPK pathway in mouse spermiogenesis. Phosphorylated PEBP1 possibly releases RAF, which can then phosphorylate MEK, which, in turn, phosphorylates ERK and finally activates the MAPK pathway. It needs further experiments to confirm the pathway.
MAPKs are thought to be involved in spermatogenesis and ectoplasmic specialization in the testis. MAPKs also regulate mature spermatozoa capacitation and motility and the acrosome reaction [34] . ERK1 and ERK2 are expressed in all stages of mouse germ cells [35] . The activation of ERK1/2 reaches a peak in mouse primitive spermatogonia and preleptotene primary spermatocytes, even though the protein remains active in leptotene and zygotene spermatocytes. Only a small fraction of ERK is active in pachytene primary spermatocytes and spermatids [36] . MAPK signal transduction is more complicated throughout spermatogenesis. Many endogenous factors, such as c-Jun NH2-terminal kinase (JNK)-associated leucine zipper protein (JLP) [37] , stem cell factor (SCF) [38] , and estradiol [39] serve as the signals that regulate MAPK activity in mouse testes during spermatogenesis. In our present work, PEBP1 is also a potential negative protein for ERK1/2 MAPK signaling modules, and it is specifically expressed in serial sections of spermatids in spermiogenesis, with the most intense staining in the head of the elongated spermatids and mature spermatozoa. The possible purpose of RKIP/PEBP1 is to maintain the proper activation of ERK1/2 in pachytene primary 
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